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SOME PROPERTIES OF SIMPLE ELECTRIC 
CONDUCTING NETWORKS. 


By A. E. KENNELLY. 
(Read April 26, 1924.) 


It is known that if in any alternating-current network of 
electric conductors, such as that shown in Fig. 1 (with or without 
transformers in the meshes), two pairs of terminals are selected, 


A 


3 


FIG. I. Diagram representing a network of alternating-current elements. 


such as a, g and b, k; then, at any giver ftequency, the system 
may be regarded as possessing, and as being defined by: 


(1) a hyperbolic angle 0, in general complex (hyperbolic radians 
or hyps. Z); 

(2) a "geomean " surge impedance za» (ohms Z); 

(3) an “inequality ratio” q (numeric Z). | 


Moreover, the system may be regarded as being reducible, 
either to the dissymmetrical T of Fig. 2, or to the equivalent 
dissymmetrical II of Fig. 3, with respect to the two pairs of selected 
terminals, and the selected impressed frequency. The numerical 
values of 0, Zab», and q are obtainable theoretically from three 
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measurements of the impedance of the network. In practice, 
however, it is preferable to make four impedance measurements; 
viz., two (Ray and Ras) at the a, g terminals, with the pair b, h 
opened (freed), and shorted (grounded) respectively, followed by a 


FIG. 2. Dissymmetrical T replacing a network with respect to two pairs of 
terminals. 


FIG. 3. Dissymmetrical II replacing a network with respect to two pairs of 
bd e 
* terminals. 


similar pair (Ry; and Rig) at the b, h terminals, with a and g freed 


and shorted respectively. The angle @ is then defined by the 


relation 
Ras _ Rog 


— numeric /. 1 
Ra Ry (1) 


tanh 0 — 


The apparent surge impedance on the a side becomes zea = VRas- Rag 


ohms Z and that on the b side Zo = V Ri,- Ry, ohms Z. The 
geometrical mean of these two gives Zab = Vzoz,, ohms Z; while 
their root ratio gives the inequality ratio q — V zia Zob- From 6, 
Zab and q, the equivalent T and II of the network with respect to 
these particular two pairs of terminals can be found, as in Fig. 3. 


GifT 
IMAY 27 49 
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It is proposed in this paper to discuss a few elementary cases of 
networks, from the point of view above outlined. 

Case I. The terminals b and h are brought indefinitely close to 
the terminals a and g. (0 — 0.) 

This case is represented in Fig. 4, where the impedances of the 
network are conventionally shown by simple straight lines. The 


FIG. 4. Case of a network having the two pairs of terminals a,g and b,h brought 
infinitely close together (0 — o). 


first pair of terminals, a and g, having been selected, the second pair, 
b and À, are placed almost in contact with the same.. Then the 
impedances R.s and Ry are equal, antl inzy:be represented by # 


Ab | a” we i" 
giR $ : 
2K 2R, 
g' k n " 
Rap = Rs Ry = by = 9 0-0 Zoa = ALT t. 
You 7 Ye = Yu j=l: 


FIGs. 5 and 6. Corresponding equivalent 7 and II for Case of Fig. 4. 
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ohms /, Fig. 5, the vector reciprocal of which is the admittance 
g mhos /. Shorting at either pair of terminals reduces the 
impedance at the other pair to zero. That is, Ray = Ry = 0. 
Hence 0 = 0, or the angle of the network becomes vanishingly 
small, and Zab = 0, or Yap = œ. Also g = 1; and there ceases to 
be ineguality. The corresponding eguivalents 7 and II of the 
system are shown in Figs. 5 and 6, where the series elements are 
indefinitely small. The impedance & is the impedance offered by 
the network, at the selected freguency, as measured from either 
pair of terminals. 

CasE II. The two pairs of terminals are in " conjugate" relation 
to each other, or are electrically indefinitely remote. (0 = ©.) 

Fig. 7. represents a particular case of a balanced Wheatstone 
bridge or quadrilateral. Here the network is reduced to four 
elements ab and ah, each of 


1000 + 2000 = 2236 / 63° 26’ 6" ohms; 
also bg and hg, each of 

500 + 71000 
Under such conditions, it is evident that the application of e.m.f. 
to the terminals ag will produce no potential difference between 


the terminals bh, and reciprocally. If we measure impedances 
between terminals ag, we obtain: 


Ras = Rag = 750 + 71500 = 1677.05 7 63° 26' 6" ohms Z 


1118 Z 63° 26’ 6” ohms. 


[Rag 
— = tanh 6 = 1. 
Ras 


6 = ©, or the angle of the network becomes indefinitely large; 
while Zea = 750 + 71500 ohms. Similarly, measuring impedances 
between terminals bh, we have 


Ry = Roy = 666.6 + j1333.3 = 1490.71 Z 63° 26’ 6” ohms. 
Again 


and 


VR,,/Roy = tanh 6 = 1. 
Hence 


Zab = Vz00*Zo6 = 707.1 + j1414.2 = 1581.14 7 63° 26’ 6" ohms 
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and 
| q = NZoalZo = 1.06066 Z 0°. 


Fig. 8 shows the equivalent dissymmetrical T of the Wheatstone 
balanced bridge, with respect to the two pairs of terminals. The 


Ry R= 750+j!500 = Ze 


0 = oc g,- 1-06066 £0" A A us FO7-141414-2 © 1581.14 Z63* 24/6" 


Ry Ry = 666-64 1333-322, 


fé13-05£ 63°26" 6" 1490:% £63°26'6" 
50*j/500 o 666:6*]1333-3 9 4 n wo 


. » T. m . a = =o oc D^ 2 A 
(0-266-j 0-533)? (0-3 -j0-6) io?” o G 
o = <- 
aut da 3 ojeg P 
sì Q (8x “see 
> 4$) I e!$60 
de x ots en 
È S0 a » > += 
m a lá xS. 
w «we O ~ w 
BE EIE 
V edo ,* Ten 
CN uè e. 3 Uwe. 
L ` e 
e ae è Ce 
, è ” 3 fi 
2 n 
6 F h g Á 


Fics. 7, 8and 9. A Wheatstone Balance, with its equivalent dissymmetrical T 
and II. Conjugate Conductor Case (0 = œ), 


staff impedance oo' is zero, or the staff admittance is infinity. 
This infinite leak at oo' prevents any current supplied from one 
side from affecting conditions at the other. Fig. 9 shows the 
corresponding dissymmetrical II. In this case, the architrave imped- 
ance a//b// is infinite, or its admittance is zero, which introduces a 
complete electrical barrier between the two sides of the system. 

Case III. The two pairs of terminals are in simple ‘‘drop-wire” 
relation, the position of the contact point being variable at will. (0 = 0 
to 0 = oo.) 
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Fig. 10 presents the simple continuous-current case of a straight 
uniform wire ag, having a total resistance R, which is here assumed 
as 1000 ohms. The terminal k is made coincident with g; while 


By = R= 1000" R, - R(i-n)e 500° 
amh Ü = z 
Much =/i-n 2/05 = 0-7071 
8: Jin) = 0-881374 
Lia JR ad z .R/JI-n = = 707-1" 
hai, = R /n(-n) = 500” 
q = XL,- trw = 1.4142 
Q = /i-n Oz 0 
n 


E, = Rn = 500" 

Âr, = Rn(i-n)= 250" 

lamh 6 fo eden = 0.7071 

0= tanh(/T7a)= 0-881371, 

Zat = JR, = Rnfizn = 353.5* 
7 = a A = VR = 0071 
sech 8 = Sn 


FIGS. IO, II and 12. Simple Three-Terminal Drop-wire System, with its equiv- 
alent dissymmetrical T and II. 6 varies from o to ©, as n varies from I to o. 


terminal b is a contact, movable along the wire, so as to include 
Rn ohms between b and k. As shown, n = 0.5, or bh includes 
500 ohms. Then tanh 0 = V1 — n. When n = 1, or 5 coincides 
with a, tanh 0 = 0and 0 = 0. Again if n = 0, or b coincides with 
h,tanh 0 — 1and 0 — o. In the case indicated 0 — 0.88137 hyp. 
The geomean surge impedance Zab = RN n(1 — n), in this case 500 
ohms. The inequality ratio q = 1/4» = 1.4142. 

For any such drop-wire system, 0 = 1 when n = 0.42 very 
nearly; t.e., when the impedance of bh is very nearly 42 per cent. 
of the total impedance ah. 
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SIGNIFICANCE OF THE HYPERBOLIC ANGLE @ OF A NETWORK. 


As has already been pointed out, any and every network of 
electric conductors operated at a single frequency in the steady 
state, between a pair of driving or sending-end terminals a, g and 
a pair of driven or receiving-end terminals 5, h, possesses or subtends 
a certain complex hyperbolic angle 0. "The principal significance 
of this angle relates to the sending-end and receiving-end imped- 
ances of the system, with respect to the two pairs of terminals. 
Thus the driving-point impedance or sending-end impedance is: 
with the receiving-end terminals bh open, 


Ras = Zoa coth 0 = gza coth 0, ohms /, (2) 
with the same terminals b, k joined or shorted, 
Rag = Zoa tanh 0 = qz, tanh 6, ohms Z, (3) 


and with the same terminals b, h connected through an impedance 
c ohms /, 


Ros = Zoa tanh (0 + 6’) = qz, tanh (0 + 0), ohms Z, (4) 
where ; 
0' = tanh" (a/zov), hyps Z. (5) 


Thus, in the simple drop-wire case of Fig. 10, if a load of o = 200 
ohms is applied across the receiving-end terminals 5, 4, the position 
angle 6’ becomes tanh^! (200/353.55) = 0.64116 hyp., and that of 
the sending-end terminals (0 + 6’) becomes 1.52253 hyps. The 
sending-end impedance Ru is then, by (3), 707.1 X tanh 1.52253 
— 642.86 ohms. This result can be obtained more readily, without 
reference to 0, by applying a terminal load of o = 200 ohms to 
the terminal b’ of the equivalent T in Fig. 11, or of the equivalent 
II in Fig. 12, owing to the fundamental simplicity of the system in 
Fig. 10; but in the general case of a complicated network, the 
hyperbolic angle 0 has considerable advantage in computation. 

Again, the receiving-end impedance of a network loaded with 
o ohms Z at the terminals b, È is: 


Zio = Za» Sinh 0 + go cosh 6, ohms /, 
= @(zo sinh 0 + ø cosh 0), ohms Z. (5a) 


If o = 0, or the terminals b, h are shorted, 
Zi» = Zab sinh 6, ohms /. (6) 
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Thus, with a load of o = 200 ohms applied at the receiving-end 
terminals of Fig. 10, as before, Zi, = 500 sinh 0.88137 + 1.4142 
x 200 cosh 0.88137 = 500 + 400 = 900 ohms; so that an e.m.f. 
of 1 volt applied at the terminals a, g would deliver a current of 
1/900 ampere through the load e, across terminals b, h. This is 
readily checked by inspection of Figs. 11 and 12. 

Case IV. A transformer is included in the network. 

When a transformer is included in the network, as at T in 
Fig. 1, it has long been known! that it might be replaced by a 
certain equivalent conductive relation. So long as the secondary- 
circuit system is separated from the primary system outside of the 
transformer, the conversion from inductive to conductive connection 
is ordinarily easy. When, however, as in Fig. 1, the secondary 
system is joined to the primary system, or is electrically tested 
for phase relations in reference to the primary system, some dis- 
crepancies present themselves that need to be cleared up, in order 
to reach a definite and unambiguous result. Some ambiguity is to 
be found in recent literature on the subject. It seems that only 
very recently? the effects of reversing the connections between 
primary and secondary windings, on the equivalent T, have been 
pointed out. It is hoped that the following discussion may aid in 
enabling general agreement to be reached. 

An “ideal” two-winding transformer may be defined, for present 
purposes, as a transformer devoid of power losses and of magnetic 
leakage. It will, therefore, have vanishingly small resistance in 
either winding, and no hysteresis in the magnetic circuit. All the 
magnetic flux links with all the turns. The inductances of the 
windings being Z, and Ly henries, respectively, their mutual in- 
ductance will be u = + &VL,L, henries, where k, the coupling 
coefficient, is unity. The algebraic signs of Li and Ls are essentially 
positive; but that of u is open to either positive or negative inter- 
pretation. The impedance of the windings at an impressed angular 
velocity w radians per second, where w = 2f, and f is the frequency 
in cycles per second, will be z; = jLio, and 22 = jL;o ohms, respec- 
tively; while the mutual impedance will be M — - juo ohms, 
either sign being available. We also assume that, in an ideal 


1 Bibliography 2. 
? Bibliography 18. 
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transformer, the capacitance, either between the two windings, or 
between turns in one and the same winding, is negligible in its 
effects; so that when one winding is supplied with a sinusoidal 
current of 7 rms. amperes, the e.m.f. thereby induced in the other 
winding is MI = + juwI rms. volts, in quadrature with the current, 
the sign being taken as either positive or negative, according to 
the direction of reference adopted. 


A jio" jio B r A 510° a 
z=j 100” S E Z,= j100" Z, =j A 
G Mz +j90” “ 
zfj90 K= 0-9 
eun wl 7700007701777 7 7 le 
Za Az P^ L 
Om 0.46115 ; 2,2 j 43:589 , y - - jo ign "Ox OAH THIN, %2 543.589 
- > -M 3 “ 
y Î10% x*2-M Jj oz T. 8 | : A! 4 190° jí90 a' 
' z-Maz, tomh f Lap É nM 
g x 


K | $ 


Rag = 19 = Rs, ; Ay=jl00=Ry , tomh0=0-43589; R y= jl? KR; nj Rag 
sink On 048532, cosh tL TR 48532 enki ui 
Y= 1 ; Q, 3 = tamh € = 0.22942. > 1, 3 Q= Ca tanh oc G3588% 


% sinh, D « 4j 1-111 i ' Z, imh de -j *1-t11* : 
a JSUT CVET t- i a ywy | b 
Lo -j4T.368xio^^ ' *j41368x10 m 
per as ndu., i b 
$53.60 Jo 1 
od J 2 i 
i EE j^ 14 
$ ' 
g h 


FIG. 13. Pure Level Transformer with 10 per cent. magnetic leakage, direct and 
reverse connections. 


An actual transformer, with its two low-resistance windings 
suitably laid on together over a wooden toroidal core, may furnish, 
for many purposes, a satisfactory approximation to an ideal trans- 


180 KENNELLY—ELECTRIC CONDUCTING NETWORKS 


former, when operated at a low frequency. When, however, the 
coupling coefficient k falls materially short of unity, the transformer, 
otherwise regarded as ideal, may be called a "pure" transformer; 
t.e., as free from power losses, or capacitance disturbances. 

A transformer with equal numbers of primary and secondary 
turns, or unity ratio of transformation, is sometimes described as a 
"level transformer." Consequently, a level pure transformer has 
no power losses but has magnetic leakage. Consequently, zı = jLio 
= z = jLio = jLw ohms, and M = + juo = + jkLo. 

Fig. 13 indicates the connections of a level pure transformer, 
with 10 per cent. of magnetic leakage, or a coupling coefficient 
k = 0.9. Each winding has zero resistance, and j100 ohms re- 
actance, of which 790 ohms is in that part of the winding completely 
interlinked with the other, with 710 ohms in the remaining part 
which is magnetically dissociated. On the left-hand side marked 
"direct" the mutual impedance is taken as M = + j90 ohms, and 
on the right-hand side, marked "'reverse," as — j90 ohms, the 
second winding being reversed in the two cases with respect to the 
two pairs of terminals AG and BH. 

With one pair of these terminals open, say BH, the impedance 
offered by the winding connected to the other pair AG will be 
Ray = zı = 7100 ohms. Closing the second circuit by shorting 
terminals BH will increase? the impedance, as measured at AG, 
by an amount equal to M?/z, = — j81 ohms. There is no ambi- 
guity in the sign of this inctement, since it depends on M?. It is 
the same in either the direct or reverse connection, and in either 
winding of each. Consequently, in all four cases, Ra = j100 
— j81 = 719 ohms. Moreover, by symmetry, q = 1 for a level 
transformer, and the geomean surge impedance VR; Ray becomes 
Zo = j43.589 ohms. 

Taking the ratio Ra,/Ra;, or 0.19, as tanh? 0, where @ is the 
angle of the transformer, we obtain tanh 0 = 0.43589. 

Owing to the double sign of M, we find that there are two 
values of the angle 0, corresponding to the relation tanh 0 = 0.43589. 
One is 0 = 0.46715 hyp., a "real" angle corresponding to the + 
sign of M, and the other is 0 = 0.46715 + jr hyp., a complex 
angle, with a circular component of x radians, or 2 quadrants. 

3 Bibliography 1. 
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This complex 0 corresponds to the — sign of M. To these two 
different angles correspond the two different equivalent 7's, and 
the two different equivalent II's, shown in Fig. 13. In the T's, 
the staff or shunt impedance is M, with its appropriate sign; 
while in each T branch is the impedance z; — M, or z2 — M, to 
correspond. In the direct-connection 7, the branch impedances 
are j10 ohms each. In the reverse-connection 7, they are 7190 
ohms each. Moreover, if there were no magnetic leakage (k = 1), 
the direct 7' branches would have zero impedance, and the reverse 
T branches would be 2M, or 7200 ohms each. i 

It does not seem possible to discriminate between the two T's 
or the two II's, by any regular tests that can be applied to this 
transformer, in which the secondary circuit is kept distinct from, 
and independent of, the primary. That is, the sign of M remains 
ambiguous, so long as the primary and secondary systems are 
independent. Either the direct or the reverse T may be used, 
with any primary source on one side, and any impedance applied 
as a secondary load to the other. In other words, one cannot tell 
whether the connection is direct or reverse, and the terminals may 
be reversed, on the primary or on the secondary side, without 
affecting the impedances, voltages, currents or powers on either side. 

If, however, we interconnect the primary and secondary sides 
of the transformer, either conductively, or through another trans- 
former, the resulting physical conditions remove the ambiguity, 
and determine the sign of M. Either the direct connection, or 
the reverse connection, is implied, and one only of the two 7's, or 
of the two II's, must be used, to represent the behavior of the 
transformer. To take a simple case, we may connect terminal A 
to terminal B, and likewise terminal G to terminal H. This will 
place the two windings in parallel connection. If the connection 
is direct, an examination of the equivalent T, ABGH, shows that 


the joint impedance of the two windings will be Z + 790 = 795 
ohms; whereas, if the connection is reverse, the other T, €l’B’G’H’", 
shows the joint impedance to be LT — j90 — j5 ohms, or 19 


times less. In the direct case, the current received by the paraliel- 
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connected transformer, from 100-volt a.-c. mains, would be — 71.053 
amperes; a simple excitation current; while in the reverse case, 
it would be — j20 amperes, which would be a short-circuit current. 
Moreover, if there were no magnetic leakage (k = 1), the parallel- 
connected level ideal transformer would take 1 ampere in the 
direct-connection case, and an infinitely great current in the reverse- 
'connection case. 
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FIG. 14. Pure Unlevel Transformer, direct and reverse connections. 


Again, if in Fig. 13 we connect together terminals G and H, 
so as to put the two windings in series, the impedance measured 
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between the end terminals A and B will be found, from an exami- 
nation of the equivalent 7's, to be 720 ohms with direct connection, 
and 7380 ohms with reverse connection. The difference between 
these two measurements (j360), as is well known, is four times * the 
mutual reactance M. Similar remarks apply to the cases indicated 
in Figs. 14 and 15. 

Referring to the network of Fig. 1, with the transformer T` 
embedded in it, the interconnection between its primary and 
secondary systems dispels the ambiguity as to the sign of the 
mutual inductance u and of the mutual impedance M. One or 
other of the corresponding equivalent 7°s will be rendered necessary, 
according as the connection of the transformer is direct or reverse. 
It might not be necessary to ascertain which connection was 
actually used. For two given pairs of terminals, such as a, g and 
b, h, Fig. 1, the values of Ra and Ras, Ry, and Res should give the 
correct final eguivalents 7' and II of the entire system, transformer 
included; but in analyzing the composition of the final T' and II, 
either the direct or the reverse 7 and II of the transformer, con- 
sidered separately, would have to be used. 

Consequently, although in dealing with a complicated network, 
like Fig. 1, it may be neither necessary nor desirable to know which 
connection is used in the transformer; yet, in order to replace the 
transformer by an equivalent T in the network, say between termi- 
nals 1, 2, 3 and 4, it would become necessary to ascertain, say by 
a test of the transformer temporarily disconnected from the network, 
whether the direct T or the reverse T should be employed. 

In Fig. 14, the pure transformer indicated is unlevel, and has 
a transformation ratio of 10, with a coupling coefficient k = 0.94868; 
so that zı = j100 ohms, z = j1000 ohms, and M = + j300 ohms, 
with + j300 for direct, and — j300 for inverse connection. The 
impedance due to the secondary closed circuit in the primary is 
— j90 ohms on the zı side and — 7900 ohms on the z side. Here 
Zab = j100 ohms, and q = V0.1. The value of tanh 0 being 
0.31623, the two values of 0 are 0.32745 and 0.32745 + jr hyps., 
respectively, according to the -F or — sign of the mutual induc- 
tance yp. 

* Bibliography 12 and 13. 
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If two transformers, of the type shown in Fig. 14, were operated 
as step-up transformers, in parallel for 100-volt mains, and with 
their secondary terminals joined, they would operate in parallel, 
sharing the exciting current, provided that both were direct con- 
nected, or else both reverse connected. If, however, one were 
direct and the other were reverse, they would act as mutual short 
circuits to each other. In any of these cases, the distribution of 
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FIG. 15. General Unlevel Transformer with Air Core and External Impedances. 
Direct and reverse connections. 
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voltage and current in the system might be found by suitable 
connection of the T’s and II's of Fig. 14 with an appropriate source. 

Fig. 15 represents the case of a general type of transformer, 
without core losses, but with resistance in the primary and secondary 
circuits, both internal and external. This case might correspond 
to an ordinary power transformer of 10:1 transformation ratio, 
if the shunt leak or staff of the 7 had resistance as well as reactance, 
to represent the loss of power in the magnetic circuit. The angle 
of the transformer is complex in this case; 0 = 1.50156 + 72.3066 
for direct connection, and 1.50156 + 75.4482 for reverse connection, 
the two differing by r radians, or 2 quadrants, in the circular 
component. The angle 0 can ordinarily be found by charts to a 
fair degree of precision. i 


TERMINOLOGY. 


Ouestion may be raised as to the applicability of the terms 
“‘direct’’ and '“reverse,” here suggested for the two relative con- 
nections of primary and secondary terminals. This is a mere 
matter of terminology, and the choice of these terms has no neces- 
sary implication in the arithmetical conditions under consideration. 
Whatever terms may be selected, they should not involve any 
disparagement of either mode of connection, because for some 
purposes it may be desirable to use the one, and for other purposes, 
the other. 

A connection is “direct,” in the sense here proposed, when, if 
the transformer were ideal and level, the branch impedances of 
the equivalent T would be zero or the terminal A would be in 
direct connection with terminal B, as against 2M ohms in each 
branch when reverse. The angle 0 of the transformer would be 
real for direct, as against complex for reverse, connection. The 
staff impedance M of the equivalent T would be + juw direct, as 
against — juw reverse. The two windings would be applied in 
the same sense and towards the same parts direct, as against 
relatively crossed or with reversed wires when reverse. When the 
primary and secondary windings are connected in series, their 
total impedance is greater when connected reverse than when 
connected direct, by the amount 4M. 

5 Bibliography 10. 
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CONCLUSIONS. 


1. The angle 0 of a network, with respect to two pairs of termi- 
nals, may vary from 0, when the terminals are close together 
(a near b and g near È), to infinity, when they are very remote, 
or stand in conjugate relation. In a simple drop-wire circuit, the 
full-range movement of the contact point will cause 0 to vary 
from 0 to œ. 

2. Any transformer may be regarded as possessing an angle 6, 
with respect to its primary and secondary terminals. This angle 
differs between the direct and reverse connection by jr radians or 
j2 guadrants. 

8. The algebraic sign of u, the mutual inductance of any induc- 
tion coil or transformer, is ambiguous. The ambiguity cannot 
ordinarily be cleared up, and ordinarily does not need to be, so 
long as the primary and secondary circuits are separated, either 
sign being admissible. When, however, the primary and secondary 
circuits are connected either conductively, or inductively through 
a second transformer, the ambiguity disappears, and the sign is 
either + or — according as the transformer connection is direct 
or reverse. In an ideal transformer, the -F sign involves a value 
of M = + juw for the staff impedance of the equivalent T in direct 
connection and M = — juw in reverse connection. | 

4. Reversing either the primary or the secondary terminals of a 
transformer, with respect to the corresponding winding, will change 
the connection from direct to reverse, or oppositely. 

5. Either the direct or inverse equivalent 7' will represent the 
electrical behavior of a transformer with separated primary and 
secondary circuits. Only one of them, corresponding to the actual 
internal connections, can, however, properly apply, when the 
primary and secondary circuits are brought into connection. 

6. The direct or reverse connection of a transformer or trans- 
formers, embedded in a conducting network, may not be made 
evident by tests at two pairs of terminals on the network, but in 
order to replace a transformer in the network by the proper equiv- 
alent T, its connections must be ascertained, as to whether they 
are direct or reverse. 

7. Asa matter of terminology, the validity of the terms “direct” 
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and “reverse,” as above suggested and defined, is debatable; but 
some such distinguishing terms would be useful. 


LIST OF SYMBOLS EMPLOYED. 


D — R, — R,, difference in impedances due to shorting at opposite 
ends (ohms /). 

A = Gy — G,, difference in admittances due to shorting at opposite 
ends (mhos /). 

f, frequency of sinusoidal. current in a circuit (cycles per second). 

Gas, Gag, admittance of a network at a terminals when freed and 
shorted at b respectively (mhos Z). 

g, admittance of the staff leak in an equivalent T (mhos zi 

gi, 22, admittances of the pillar leaks in an equivalent II (mhos 7 ). 

0, angle of a transformer or of a network with respect to two pairs 
of terminals (hyperbolic radians or hyps. Z). 

6’, angle of a load at the receiving end of a network (hyps. 7 ). 

I, value of a sinusoidal alternating current (amperes). 


j= V— 1 


=. coupling coefficient of a transformer (numeric). 


VLL, 


L,, Ls, inductances of the two windings of a transformer (henries). 
M = + juo, mutual impedance of a transformer (ohms Z). 


= + kNL.Ls, mutual inductance of two transformer windings 
(henries). 
m, the ratio of secondary to primary impedance in a simple drop- 
wire system (numeric Z). 
y, architrave admittance of a II (mhos 7 ). 
II, type of equivalent circuit having one impedance in series and 
two terminal leaks. 


= 344159... — DE 
g cosh 0 — 1 MNA 
Q = — inhs '? factor in assigning the elements of an equiva- 
lent T or II (numeric 2). 
S aen 0—1 
Ò = Ee , à factor in assigning the elements of an equiva- 


lent T or II (numeric 7). 
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q= VZ0a/Zob, inequality factor of a network or of its equivalent T 
or II (numeric Z). | 

A, impedance of the staff leak in an equivalent T (ohms /). 

Ray, impedance of a network measured from the a, g terminals with 
the b, h terminals free (ohms Z). 

Rag, impedance of a network measured from the a, g terminals with 
the b, h terminals shorted (ohms Z). 

Ras, impedance of a network measured from the a, g terminals with 
the b, h terminals connected through an impedance of 
c ohms. 

p, architrave impedance of an equivalent II (ohms Z). 

pi, Pe, impedances of the arms or line branches of an equivalent T 
(ohms /). 

c, a terminal load impedance at the receiving-end terminals 
(ohms Z). 

Ja» = 1/20, geomean surge admittance of a network or of its 
equivalent T or II (mhos Z7). 

Zu, receiving-end impedance of a network at b terminals (ohms 7 ). 

21, 2,4, impedances of the two windings of a transformer (ohms /). 

Zo, surge impedance of a symmetrical network (ohms /). 

Zo = VRay Ras, surge impedance of a network from Neg: g terminals 

(ohms /). 
V Rg* Roy : Ryy, surge impedance of a network from the b, h terminals 
(ohms Z). 

Zab = V zia * Zob, geomean surge impedance of a network or of its 
equivalent T or II (ohms Z). 

w — 2mf, angular velocity impressed on a network or transformer 
(radians/second). | 


Zob 
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